Mice orally infected with Campylobacter jejuni developed focal infiltrative necrotic lesions in the liver, as determined by both histology and liver function tests. The initial histopathological feature was a focal infiltrative lesion in the parenchyma and portal triads. Foci of infiltrative lesions became necrotic between days 30 and 60 post-inoculation (pi.). During this period, portal infiltrates increased in severity. From month 4 pi., focal areas of infiltrative necrosis in the liver parenchyma became extensive. Study of liver function demonstrated mild elevations of transaminases, alkaline phosphatase and lactic dehydrogenase, and also the presence of hypoalbuminaemia. Although histopathological changes of the liver became gradually more marked after day 30 p.i., liver functions of infected mice were most affected at 2 months p.i. The capacity of C. jejuni to induce hepatic lesions seemed to be related to that of organisms to persist in the gall bladder; there was no correlation between biliary carriage in infected mice and positive faecal culture.
INTRODUCTION
Campylobacter jejuni has been reported as being capable of producing a heat-labile enterotoxin (Ruiz-Palacios et al., 1983) having close immunological relatedness with Escherichia coli heat-labile toxin (LT) and cholera toxin (Blaser et al., 1979; Klipstein & Engert, 1984) . Although enterotoxigenicity of C. jejuni is recognized as one of its virulence attributes, the organism can clearly be invasive (Lambert et al., 1979; Drake et al., 1981 ; Ruiz-Palacios et al., 1981 ; Caldwell et al., 1983) . In man, only 20-30% of patients with campylobacter enteritis have a clinical picture of intestinal invasion (Skirrow, 1977; Blaser et al., 1979; Butzler & Skirrow, 1979; Drake et al., 1981) , and in the majority illness is associated with secretory diarrhoea. The quantity of C. jejuni enterotoxin produced by clinical isolates varies widely, from none to large amounts (Ruiz-Palacios et al., 1983; Klipstein & Engert, 1984) . These findings suggest that the pathophysiology of C. jejuni enteric infection might not be uniform. Up to now, a definite mechanism of campylobacter enteritis has not been determined.
We found that some strains of C. jejuni could invade uterine epithelium and persist in the liver for several months after mice were inoculated intravaginally with C. jejuni (unpublished data). Also, it has been demonstrated that oral inoculation with C. jejuni can produce disseminated campylobacter infection in mice (Blaser et al., 1983) . In the latter study, C. jejuni was isolated early post-inoculation (p.i.) from the liver, which had a major role in clearing C. jejuni from the bloodstream. We studied infected mice throughout 10 months following oral infection with C. jejuni and found that about 20% of them became emaciated between months 6 and 8 p i , and that their livers showed macroscopic atrophy. The present study was therefore undertaken to clarify the pathological changes of the livers of mice orally infected with C. jejuni.
Abbreviations: ALP, alkaline phosphatase ; GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase; LDH, lactic dehydrogenase ; p i , post-inoculation. (Penner & Hennessy, 1980) . Three other strains (DK, S-1, and 13) were clinical isolates from adult patients witlh campylobacter enteritis and exhibited typical biochemical characteristics of C. jejuni, including the ability to hydrolyse hippurate. The serotypes of these strains were PEN 1 (strain DK), PEN 2 (strain S-1) and PEN 4 (strain 13).
To prepare challenge inocula, strains were plated on 10% (v/v) horse blood agar and incubated at 42 "C for 24 h in an anaerobic jar with a Gas-Pak (without catalyst) (BBL Microbiology Systems). Bacteria grown on plates were transferred into liquid medium composed of tryptose (2%, w/v, Difco), K2HP04 (0.2%, w/v), NaCl(O.6%, w/v), soluble starch (1 %, w/v) and L-cysteine (0.02%, w/v). After autoclaving, yeast extract (Difco) sterilized by filtration and C0,-saturated sodium biocarbonate were added to final concentrations of 1 % (w/v) and 0.1 % (w/v:), respectively. A 1-1 Erlenmeyer flask containing 400 ml liquid medium plus inoculum was placed in a glass jar in which a microaerobic atmosphere was generated with a Gas-Pak, and incubated at 42 "C for 48 h. Cells were harvested by centrifugation and washed once with phosphate-buffered saline (0.1 36 M-NaCl, 2.6 mM-KCI, 1.4 mM-KH2Po4, 4.2 mM-Na,HPO,, pH 7.2). Bacterial suspensions were standardized in PBS using a spectrophotometer. Serial dilutions to obtain colony counts were made by the method of Miles & Misra (1938) .
Animals. Female specific pathogen-free ddY mice, 5 to 7 weeks old, were purchased from Shizuoka Agriculturiil Cooperative Association for Laboratory Animals (Hamamatsu, Japan) and maintained on sterile pelleted food and water ad lib.
Infection of mice. Mice were infected orally by introducing 0.1 ml of an appropriate dilution of culture directly and atraumatically into the stomach through a thin vinyl tube (Intramedic, Clay Adams) connected to a blunted 23-gauge needle. Care was taken that the inoculum was not accidentally discharged into the mouth or oesophagus. At daily intervals for 7 d, fresh faecal specimens were directly cultured for C.jejunion Skirrow's medium (Skirrow, 1977) at 42 "C in an anaerobic jar with a Gas-Pak (without catalyst) to determine the minimal infective dose of each strain for ddY mice.
To study hepatic lesions following infection, 80 mice were orally infected with lo7 c.f.u. of strain GIFU arid kept 10 per cage. On days 1, 3, 5, and 7 p.i., one mouse was randomly selected from each cage and all eight mice were examined for hepatic lesions. Groups of eight mice were then examined at 30 d intervals for 6 months.
Study of hepatic lesions and processing of livers to obain bacterial counts. To avoid haemorrhage and dilation of sinusoids in the liver, the eight mice were killed by puncturing the retro-orbital venous plexus at each sampling time. Serum samples were separated from clotted blood at 4 "C and stored at -70 "C prior to use. The intestinal mucosae were scraped, and intestinal contents were obtained. Faecal specimens and intestinal contents were suspended, diluted with tryptic soy broth containing 0.02% (w/v) L-cysteine, plated onto Skirrow's medium and then incubated at 42 "C for 48 h in a microaerobic atmosphere (5%, v/v, 02).
The liver was aseptically removed from four mice, kept in 1 ml warmed tryptic soy broth supplemented with 0.02% L-cysteine in a Petri dish and then carefully minced with scissors to make the specimens homogeneous. The Petri dishes were kept at 37 "C for 15 min and serial dilutions of homogenates were cultured on Skirrow's medium in a microaerobic atmosphere (5% 0,) at 42 "C for 48 h.
The remaining four mice were used for histology. One lobe of the liver was removed to culture C. jejuni; the other lobes were fixed in 10% (w/v) formaldehyde solution or in ethanol/acetic acid (95: 1, w/v) at 4°C for immunofluorescence tests. Tissues were embedded in paraffin, sectioned (2-3 pm thickness), and stained with haematoxylin and eosin. All slides were read by two of us without knowing the origin of the sample. Multiple sections were examined blindly for each mouse.
Gall bladders were separately removed, minced in a sterile polystyrene tube (1 mm diameter, Sumitomo Bakelite Co., Tokyo) containing 0.5 ml tryptic soy broth supplemented with L-cysteine and cultured as described.
Direct immunofluorescence. Slides of liver sections were incubated with fluorescein-labelled rabbit anti-C. jejuni strain GIFU immunoglobulin prepared by the method of Johnson et al. (1978) . The labelled immunoglobulin was preabsorbed with normal mouse liver homogenates. Preparations were observed with an Olympus epifluorescence ultraviolet microscope. Control slides containing Escherichia coli and liver tissues from uninfected animals showed no specific immunofluorescence.
Licer function tests. Liver function of infected mice was monitored by measuring the following enzyme activities a serum glutamic-oxaloacetic transaminase (EC 2.6.1 . 1 ; GOT), serum glutamic-pyruvic transaminase (EC 2.6.1 .2; GPT), alkaline phosphatase (EC 3.1 .3.1; ALP) and lactic dehydrogenase (EC 1 . 1 . I . 27; LDH).
Transaminases were measured by the method of Karmen et al. (1955) , ALP by the method of Kind & King (1954) and LDH by the method of Amador et al. (1963) . All function tests were analysed on a Hitachi 706D autoanalyser. Serum albumin was measured by an electrophoretic method (Kohn, 1958) . Conrrol experiments. Normal mice (80) of the same age as the infected mice were kept 10 per cage in the same animal house as that used for the infected mice. At each of the described intervals, one of them was randomly selected from each cage and all eight mice were used as controls. Data from uninfected mice of challenged groups were also recorded.
R E S U L T S
Virulence of four Campylobacter strains in mice Comparison of the minimal infective dose for four strains of C. jejuni, as determined by faecal culture positivity during the 7 d p.i., is shown in Table 1 . All mice became infected with oral doses greater than lo8 c.f.u. of strains GIFU and S-1. A dose of lo5 c.f.u. of these strains resulted in colonization in 60% of mice by day 7. Mice infected with lo9 c.f.u. of strain 13 excreted C . jejuni in their stools for only 2 d after inoculation; similar results were obtained with strain DK (Table 1) . In subsequent studies with 80 mice, an oral dose of lo7 c.f.u. of strain GIFU was used because this dose consistently induced faecal culture positivity in 100% of mice. The four campylobacter strains did not cause marked diarrhoea in mice.
Enumeration of C. jejuni in organs Qualitative cultures of organ specimens for C . jejuni after oral inoculation of strains GIFU (lo7 c.f.u.) and DK (lo8 c.f.u.) are shown in Table 2 . In the alimentary tract, the small intestine was the major site of colonization by C. jejuni. Faecal culture positivity for strain GIFU decreased to less than 50% between days 30 and 60 p.i. By day 30 p.i., strain DK colonized only the small intestine, and had disappeared from the faeces. However, both strains could be recovered from the hepatobiliary tract at this time. Both strains were recovered from the gall bladder between days 30 and 180 p.i., and even at 6 months p.i. six mice (75%) were biliary carriers. No organisms could be recovered from blood samples during these experiments and blood cultures for C. jejuni were all negative, even at earlier times (10 and 60 min) after inoculation.
The results of quantitative cultures of organ specimens for C . jejuni after inoculation with strain GIFU are shown in Table 3 . On day 5 p.i., C . jejuni was recovered from the liver and gall bladder but the number of c.f.u. per g tissue in these organs was maximal between days 30 and 60. C. jejuni had disappeared from the colon contents 2 months after inoculation and the caecum was colonized with about 100 c.f.u. of C. jejuni per g tissue at this time. The upper half of the intestinal tract was colonized more densely than the lower half.
Histological changes in the liver
Light microscopy. At 2 weeks p.i., a minimal histological change, characterized by an inflammatory cell infiltrate around the central veins with an increase in prominence of Kiipffer cells, was observed (Fig. 1 a) . At 1 month p.i., there were some focal changes of the parenchyma. These consisted of an increased cytoplasmic staining intensity and pyknotic nuclei of hepatocytes (Fig. 1 b) , although the liver architecture was preserved. The initial changes became focal necrosis with inflammatory cell responses between days 30 and 60 p.i. (Fig. 1 c) . During this period, inflammatory nodules became marked in portal triads (Fig. 1 d) , and the number of focal lesions increased. At 3 months p.i., an inflammatory cell response around the central veins became intense (Fig. 1 e) . The inflammatory nodules in portal triads became extensive from 4 months p.i. (Fig. 1 f ) . The gall bladder became enlarged at 4 months p.i. and the epithelial layer was oedematous (Fig. 1 g) . Between months 4 and 6, focal areas of infiltrative necrosis became extensive (Fig. 1 h) . There were no significant differences in histology of the liver between mice infected with strains GIFU and DK. Furthermore, uninfected mice of challenged groups showed no pathological changes in the liver and gall bladder at any time.
ImmunoJluorescence. Campylobacter organisms were observed reaching the liver as early as 5 d p.i. By 7 d, specific fluorescence was seen in the sinusoids and around the portal triads. The intensity of specific responses was most prominent between days 30 and 60 p.i. (Fig. 2) . The intensity of specific fluorescence decreased thereafter in accordance with a decrease in the culture positivity of liver specimens. Specific fluorescence was not seen in any hepatic ---specimens of conrol and uninfected mice. In the late stage of infection (between months 4 and 5), fluorescence was seen only at the portal triads.
Liver junction tests Liver function tests were normal during the first 3 weeks after inoculation. Thereafter, ALP, GOT and LDH activities gradually increased and mild elevations were apparent at 1 month p i . ( Table 4 ). The elevation of GPT was slightly slower ( Table 4 ). The elevation of these enzyme activities strongly indicated damage to parenchymal cells in the liver and the liver function of infected mice was most affected 2 months after inoculation. Thereafter serum levels of GOT, ALP, and LDH gradually decreased. However, the serum level of GPT was highest at 4 months psi. and thereafter returned to normal. The slight elevation of GOT and LDH at 6 months p.i. indicated persistent focal liver damage. Hypoalbuminaemia became prominent in the late stage of infection, providing further evidence of hepatocellular damage : the ratio of albumin to globulin was less than 0.4 (normal, 0.9-1.6) at 6 months p.i. There were no significant differences in liver function tests between normal control mice and uninfected mice of challenged groups.
DISCUSSION
The results of this study demonstrate that the oral inoculation of C . jejuni in mice can induce hepatitis characterized by parenchymal focal infiltrative necrosis in the absence of diarrhoea. The presence of hepatocellular damage was indicated by elevations of transaminases, LDH and ALP. This was directly confirmed by histopathological demonstration of focal infiltrative necrosis of the liver parenchyma and inflammatory nodules in portal triads. These changes were mild, unlike those observed in viral hepatitis. Six months p.i. campylobacter organisms could not be recovered from the liver but hepatic lesions became extensive.
Our results and those of Blaser et al. (1983) were at variance and several factors such as differences in the strain of mice, differences in their intestinal flora or differences in the virulence of C . jejuni strains used may account for this. Furthermore, C. jejuni could not be recovered from the liver and gall bladder when specimens were homogenized using homogenizers. Thus, in this study organ specimens were carefully minced using scissors in warmed tryptic soy broth supplemented with L-cysteine. We have found that another important factor which results in enhanced oral infectivity of C. jejuni for mice is the culture of the organisms in liquid medium prior to inoculation. Ruiz-Palacios et al. (1983) reported a culture medium supplemented with amino acids. C . jejuni grown in this medium had relatively high infectivity in mice by oral inoculation (unpublished data). These factors could account for a wide variation in the infectivity of C . jejuni in mice as well as in the prevalence of biliary carriage.
The route by which organisms reach the liver could not be clarified in this study but from human clinical studies (Guerrant et al., 1978) , there is a possibility that organisms may spread systematically via the bloodstream during the early phase of infection. This is supported experimentally by the fact that C . jejuni can be recovered from the blood and liver of infected mice within 60 min of oral inoculation (Blaser et al., 1983) . However, histological findings showing marked infiltration around the portal triads suggest that C. jejuni may ascend to the liver via bile ducts in the late phase of infection. The ability of C. jejuni to persist in the hepatobiliary tract varied with the strain studied, although limited numbers of strains were used.
There are, in fact, a few reports of hepatic pathology in human C. jejuni enteritis. Ampelas et al. (1982) described bacteraemic hepatitis with the presence of necrosis and inflammatory cells in liver biopsy material from a patient with C. coli enteritis. Reddy & Thomas (1982) described a case with C. jejuni enteritis and sharply deranged liver function tests. Pitkanen et al. (1983) reported increased activity of transaminases (GOT and GPT) in 13.6% of a large number of patients with C. jejuni enteritis in Helsinki. Thus, hepatic involvement following C. jejuni gastroenteritis might be seen not only in animals but also in humans.
Recently, Kiehlbauch et al. (1985) reported that C . jejuni is readily phagocytosed by human mononuclear phagocytes in the absence of specific opsonins but continues to survive intracellularly for at least 6 d . This does not mean that C. jejuni is one of the facultative intracellular parasites such as Salmonella typhi, which can survive intracellularly for several weeks. However, the enhanced survival of intracellular C. jejuni in human mononuclear phagocytes possibly suggests that C. jejuni can persist in the liver like S. typhi, although the pathological changes of the liver are different.
The results obtained in this study raise the possibility that hepatic lesions characterized by focal infiltrative necrosis might be associated with C. jejuni infections in humans.
